Abstract: A new optical frequency shifter is presented. It is based on a double sideband suppressed carrier radio-frequency (RF) modulated optical signal into a Brillouin-assisted filter, which is formed by a Brillouin medium between a pair of optical circulators. The frequency shifting operation is realized by utilizing multiple stimulated Brillouin scattering gain and loss spectra to amplify one of the third-order sidebands but attenuate the other sidebands. The frequency shifter has a simple structure and a high frequency shifted to unwanted frequency component ratio. It also has the ability to realize a very large frequency shift, which is three times the input electrical driving signal frequency. The frequency shifter is experimentally demonstrated with the results showing a 32.53 GHz optical frequency shift of a continuous wave light at 1551.016 nm with over 34 dB difference between the wanted frequency shifted and unwanted frequency components.
Introduction
Translating a continuous wave light from one frequency into another has been a subject of interest for more than 30 years. It has applications including gyroscopes, heterodyned sensors, spectroscopy, signal processing, and coherent communication [1] , [2] . Various techniques have been reported to shift the light frequency. An acousto-optic frequency shifter can be implemented by using fiber mode coupling inside a fiber or acousto-optic effect in a Bragg cell [3] . Serrodyne frequency translation is another technique for shifting the light frequency. In this case, optical frequency shifting is realized by phase modulating a continuous wave light with an electrical sawtooth [2] . However, only a small frequency shift of few GHz can be obtained using the above techniques. Techniques including using coupled inverted slot lines integrated on an X-cut LiNbO 3 substrate [4] , using a dual-electrode traveling wave modulator inside a Sagnac fiber loop interferometer [5] , using a dual-parallel Mach Zehnder modulator (MZM) [6] and using stimulated Brillouin scattering (SBS) in an optical fiber [7] have been reported to obtain a large frequency shift of more than 10 GHz. However, they either rely on electrical components, have a complex structure that involves two modulators and/or two microwave signal generators, or generate high unwanted frequency components. Furthermore, all the above frequency shifting techniques require an input electrical driving signal with the frequency equal to the frequency shift. Hence a large frequency shift requires a high frequency microwave signal generator. This paper presents a new optical frequency shifter based on a Brillouin assisted filtering technique. The frequency of the input electrical driving signal only needs to be one third of the frequency shift. The new optical frequency shifter has a simple structure that involves a single MZM and off-the-shelf optical components. Different frequency shift can be obtained by tuning the laser source wavelength or using different Brillouin medium. Experimental results are presented that demonstrate a large frequency shift of 32.53 GHz using an electrical driving signal having 10.842 GHz frequency into an MZM and a high frequency shifted to unwanted frequency component ratio of over 34 dB.
Frequency Shifter Operation Principle and Analysis
The structure of the optical frequency shifter is shown in Fig. 1 . The optical carrier from the laser source is modulated by a MZM driven by a single frequency tone with the frequency f s . The MZM is biased at the minimum transmission point, which suppresses the optical carrier and the even order sidebands at the MZM output leaving the odd order sidebands [8] . Hence the output of the MZM is a double sideband suppressed carrier (DSB-SC) RF modulated optical signal and its electric field can be written as
where E i n is the laser electric field amplitude, t ff is the MZM insertion loss, J n (x) is the Bessel function of n th order of first kind, ω c = 2πf c is the carrier angular frequency, ω s = 2πf s is the single tone angular frequency, β s = πV s /V π is the modulation index, V s is the voltage of the single frequency tone into the MZM, and V π is the modulator switching voltage. Note that the power of the n th order sideband is proportional to J n (β s ) 2 . Simulation results show the fifth and the higher order sidebands are >25 dB below the 3 rd order sideband for a modulation index β s < 2. Hence, they are neglected in (1).
The MZM output power spectral density is the Fourier transform of the autocorrelation of the electric field [9] and is given by
where P i n is the laser output optical power, and δ{} represents a delta function. The output of the MZM, which consists of the fundamental and third order sidebands, is launched into a Brillouin assisted filtering structure [10] . The Brillouin assisted filter is formed by a single mode fiber, which is used as a Brillouin medium for SBS, between a pair of optical circulators. The single mode fiber has an SBS frequency f SB S . Note that Port 3 of the first circulator is connected to Port 1 of the second circulator via an erbium-doped fiber amplifier (EDFA), which is used to amplify the backward traveling wave. The single frequency tone into the MZM is designed to have the same frequency as the single mode fiber SBS frequency, i.e. f s = f SB S . In this case, different RF modulation sidebands at the MZM output can be amplified or attenuated due to the SBS effect as they passed through the Brillouin assisted filter. Fig. 2 summarizes the effect of SBS as two counter-propagating waves traveled through an optical fiber [11] . When a pump wave is launched into an optical fiber, a Brillouin gain spectrum centered at a frequency down shifted by the Brillouin frequency f SB S of the fiber is generated in the counter-propagating wave (Stokes wave) as shown by the dashed line in Fig. 2(a) . The pump power depletes as it transfers energy to amplify the Stokes wave. The Stokes wave induces a Brillouin loss spectrum centered at a frequency up shifted by the Brillouin frequency f SB S as shown by the dashed line in Fig. 2(b) .
In order to explain how the Brillouin assisted filter can be used to shift the laser frequency, the single mode fiber that is used as a Brillouin medium inside the Brillouin assisted filter is divided into four sections as shown in Fig. 3 . Each section of the fiber has a length L. The DSB-SC RF modulated optical signal passed through the first circulator into the first section of the fiber. It acts as a pump wave for the SBS process. The power of the fundamental sidebands at f c ± f s are designed by controlling the power of the single frequency tone into the MZM and the laser source power to above the SBS threshold value of the single mode fiber inside the Brillouin assisted filter. This generates the backscattered Brillouin wave [12] at f c and f c − 2f s traveling in the backward direction as shown in Fig. 3(a) . The amplitude and the spectral shape of the backscattered Brillouin wave are determined by the pump power and the Brillouin gain coefficient [13] , [14] . The backward traveling wave also consists of the frequency components due to Rayleigh backscattering of the forward traveling wave, i.e., the DSB-SC RF modulated optical signal. However, the amplitudes of the Rayleigh backscattering components are much smaller than that of the backscattered Brillouin wave when the power of the fundamental sidebands is above the optical fiber SBS threshold value. Hence the Rayleigh backscattering components are neglected in the analysis. The backscattered Brillouin waves at f c and f c − 2f s having the same amplitude pass through the first circulator and amplify by an EDFA to above the optical fiber SBS threshold value. The amplified backscattered Brillouin wave acts as a pump wave in the second section of the fiber for the SBS process. This generates two sets of gain and loss spectrums in the forward Stokes wave as shown by the dashed lines in Fig. 3(b) . Therefore, the power spectral density of the forward Stokes wave after passing through the second section of the fiber becomes
where α is the fiber loss coefficient, and g B 1 (ω) and g B 1,2ωs (ω) is the SBS gain spectrum [14] generated by the backscattered Brillouin wave at f c and f c -2f s into the second section of the fiber respectively. The inverse of g B 1,2ωs (ω c − ω s ) and g B 1 (ω c + ω s ) given in (3) represent the amount of attenuation at the center of the two SBS loss spectrums at f c − f s and f c + f s respectively. Since the two backscattered Brillouin waves at f c and f c − 2f s have the same amplitude because the amplitude of the two fundamental sidebands at the MZM output are the same, the peak value of the two SBS gain spectrums are the same, i.e. g B 1 (ω c − ω s ) = g B 1,2ωs (ω c − 3ω s ). Therefore from (3) the attenuation due to the SBS loss spectrum compensates for the amplification due to the SBS gain spectrum [15] in the negative fundamental sideband at f c − f s . Hence the amplitude of the negative fundamental sideband remains almost the same after the second section of the fiber. On the other hand, the positive fundamental sideband is attenuated and the negative third order sideband is amplified by the SBS loss and gain spectrum respectively. The two high-power frequency components in the forward Stokes wave at f c − f s and f c − 3f s launch into the third section of the fiber. This generates the backscattered Brillouin wave at f c − 2f s and f c − 4f s due to SBS as shown in Fig. 3(c) . This backscattered Brillouin wave is combined with the backscattered Brillouin wave generated by the first section of the fiber. Therefore, the overall power spectral density of the backscattered Brillouin wave can be written as
where S B B W 1 (ω) and S B B W 3 (ω) are the spectrum of the backscattered Brillouin wave generated by the first and third section of the fiber, respectively. Note that both the first and third section of the fiber generate a backscattered Brillouin wave at f c − 2f s . Hence, this backscattered Brillouin wave has higher amplitude compared to that at f c and f c − 4f s . This is verified experimentally and is showed in Fig. 9 . The figure also shows the backscattered Brillouin wave at f c has higher amplitude than that at f c − 4f s . The three backscattered Brillouin waves are amplified by the EDFA to above the single mode fiber SBS threshold value and are launched into the fourth section of the fiber via the second circulator. The backscattered Brillouin wave at f c , f c − 2f s and f c − 4f s generate three sets of SBS gain and loss spectrums in the forward Stokes wave as shown in Fig. 3(d) . Therefore, the power spectral density of the forward Stokes wave after passing through the fourth section of the fiber into Port 2 of the second optical circulator is given by
where g B 2 (ω), g B 2,2ωs (ω) and g B 2,4ωs (ω) are the SBS gain spectrums generated by the backscattered Brillouin waves at f c , f c − 2f s and f c − 4f s into the fourth section of the fiber, respectively. Since the backscattered Brillouin wave at f c − 2f s has higher amplitude compared to that at f c and f c − 4f s , the peak value of the SBS gain spectrum g B 2,2ωs (ω) is higher than that of g B 2 (ω) and g B 2,4ωs (ω).
Similarly the dip of the SBS loss spectrum generated by the backscattered Brillouin wave at f c − 2f s is deeper than that generated by the backscattered Brillouin waves at f c and f c − 4f s , as shown in Fig. 3(d) . Hence, the negative fundamental sideband, which aligned with the SBS gain and loss spectrum generated by the backscattered Brillouin wave at f c and f c − 2f s respectively, is attenuated after passing through the single mode fiber. It can be seen from (5) that the two fundamental sidebands are attenuated but the negative third order sideband is amplified. As a result, the laser frequency is shifted from f c to the negative third order sideband frequency f c − 3f s at the output of the Brillouin assisted filter. The input and output spectrum of the Brillouin assisted filter based optical frequency shifter are depicted in Fig. 4 . Note that, in addition to the sidebands, the output of the optical frequency shifter also consists of the residual carrier due to the practical MZMs have limited extinction ratio, the Rayleigh backscattering components from the backward traveling wave and the SBS noise components at the center of the SBS gain spectrums. The amplitude of the input single frequency tone and the gain of the EDFA are designed to maximize the amplitude of the frequency shifted light while minimise the unwanted frequency components, the Rayleigh backscattering components and the SBS noise components. Since the optical frequency shifter requires the frequency of the input electrical driving signal to be the same as the SBS frequency of the Brillouin medium and the SBS frequency of a normal single mode fiber is around 11 GHz at 1.55 μm [11] , the amount of frequency shift that can be obtained by the Brillouin assisted filter based optical frequency shifter is around 33 GHz. This shows 33 GHz optical frequency shift can be obtained using an 11 GHz electrical driving signal. Reducing the electrical driving signal frequency can lower the system cost, which is the advantage of the new optical frequency shifter compared to all the reported optical frequency shifters [4] - [7] that require the electrical driving signal frequency to be the same as the frequency shift. Altering the wavelength of the incident light can change the single mode fiber Brillouin frequency [16] , which in turn enables continuous tuning the frequency shift via controlling the electrical driving signal frequency. However, this technique can only change the 33 GHz frequency shift by several hundred MHz. Different fibers, which have different Brillouin frequencies, can be used as a Brillouin medium in the Brillouin assisted filter to obtain different optical frequency shifts. For example, a polymer chalcogenide tapered fiber has a Brillouin frequency of 6.8 GHz and can be increased to 8.15 GHz by altering the fiber core diameter [17] . Hence a frequency shift ranges from 20.4 GHz to 24.45 GHz can be obtained using this fiber. Our previous work on optical frequency shifters is based on designing the frequency of the pump wave for the SBS process to be the difference between the Stokes wave frequency and the SBS frequency of the Brillouin medium [7] . This requires two minimum-biased MZMs where one MZM is driven by a single tone with the frequency equal to the amount of frequency shift and is used to generate the Stokes wave. The other MZM is driven by another single tone with the frequency equal to the difference between the frequency shift and the SBS frequency, and is used to generate the pump wave. The use of two MZMs and two microwave signal generators increases the size and cost of the system. This precludes the SBS based optical frequency shifter to be used in practice. The new optical frequency shifter presented in this paper overcomes the problem by employing a Brillouin assisted filtering structure in which the backscattered Brillouin wave from the Brillouin medium is used as the pump wave for the SBS process. Hence only one MZM and one microwave signal generator are needed. Furthermore, the experimental results presented in the following section show the Brillouin assisted filter based optical frequency shifter has over 9 dB signal-to-noise ratio improvement compared to the previously reported optical frequency shifter [7] . Note that the Brillouin assisted filter based optical frequency shifter does not involve electrical components. It is low cost compared to other optical frequency shifting structures since the frequency of the electrical driving signal only needs to be one third of the frequency shift.
Experimental Results
Experiments were conducted to verify the concept of the new optical frequency shifter. The experimental setup is shown in Fig. 5 . A laser source generated a continuous wave light with 1551.016 nm wavelength (or 193.2878 THz frequency) and 1.2 dBm optical power, which were measured by an optical spectrum analyzer (OSA) with 0.03 nm resolution bandwidth. The light was modulated in a MZM, which had 30.6 dB extinction ratio. A DC voltage of 3.3 V from a DC power supply was applied to the MZM to bias the modulator at the minimum transmission point. Due to the lack of a high power signal generator, an electrical amplifier was used to amplify a single frequency tone from a signal generator to 25.6 dBm. A polarization controller (PC) in front of the MZM was used to align the light polarization state into the MZM. The fundamental RF modulation sidebands at the output of the MZM were amplified by an EDFA to above the SBS threshold value of the optical fiber inside the Brillouin assisted filter. The amplified spontaneous emission noise generated by the EDFA was suppressed by an optical filter with a center wavelength of 1551.02 nm and a 3 dB passband width of 1.12 nm or 140 GHz. This enables all the sidebands up to and including the 6 th order sidebands at the MZM output to pass through the optical filter with only small attenuation due to the optical filter insertion loss. The 7 th and the higher order sidebands were outside the optical filter passband and were suppressed by the optical filter. However, they have very small power since the power of the n th order sideband is proportional to J n (β s ) 2 . Hence, they can be neglected even without the presence of the optical filter. Note that the EDFA and the optical filter can be avoided by using a high power laser source. The spectrum of the DSB-SC RF modulated optical signal at the optical filter output was measured on the OSA with a 15 dB attenuation attenuator at the input to avoid saturation and is depicted in Fig. 6 . It can be seen from the figure that the carrier was suppressed and the fundamental sidebands were 24.3 dB above the third order sidebands. The Brillouin assisted filter was implemented by a 25.3 km single mode fiber between a pair of optical circulators. The single mode fiber, which acted as a Brillouin medium, had a Brillouin frequency of 10.842 GHz at 1551.016 nm and a Brillouin linewidth of 10 MHz. The power of the backscattered Brillouin wave was measured at Port 3 of the first circulator for different fundamental sideband powers. Fig. 7 shows the power of the backscattered Brillouin wave was saturated at around -7 dBm, which cannot be further increased by increasing the fundamental sideband power. This indicates that an EDFA inside the Brillouin assisted filter is needed to amplify the backscattered Brillouin wave to above the single mode fiber SBS threshold value.
The EDFA gain was adjusted to maximize the amplitude of the frequency shifted light while minimise the unwanted frequency components. The relative polarization state between the forward and backward traveling wave into the single mode fiber was controlled by a PC at Port 1 of the second circulator. The PC was adjusted to maximize the output frequency shifted light amplitude. The frequency shifted light was measured at Port 3 of the second circulator using the OSA with 0.03 nm resolution bandwidth. Fig. 8 depicts the spectrum at the output of the Brillouin assisted filter based optical frequency shifter when the frequency of the single tone into the MZM was set to be the Brillouin frequency of the single mode fiber used in the experiment, i.e. 10.842 GHz. The laser output spectrum is also shown in the figure for comparison. The measurements show 32.53 GHz down shift in the laser frequency from 193.2878 THz to 193.2553 THz. This demonstrates the frequency shifting operation and the amount of frequency shift is three times the input single tone frequency. Fig. 8 shows the two fundamental sidebands at 193.2776 THz and 193.2993 THz are the highest unwanted frequency components and they are 34.1 dB below the frequency shifted light. To the best of our knowledge, this is the highest reported frequency shifted to unwanted frequency component ratio for a large frequency shift of above 30 GHz. Fig. 8 also shows the unwanted frequency components at the optical frequency shifter output consists of the residual carrier at 193.2878 THz, the sidebands that cannot be fully eliminated by the SBS loss spectrums, the SBS noise components, and the Rayleigh backscattering components. Note that the unwanted frequency component at 193.3102 THz, which is the second order sideband, is due to the second order harmonic component generated by the electrical amplifier at the modulator input. Using a high power signal generator can avoid the electrical amplifier, which in turn reduces the unwanted second order sidebands at the frequency shifter output. The backward traveling wave, i.e. the pump wave, into the single mode fiber in order to shift the light frequency as shown in Fig. 8 was measured by inserting a 50% coupling ratio optical coupler at Port 2 of the second circulator. Again, a 15 dB attenuation attenuator at the OSA input was used to avoid saturation. Fig. 9 shows the spectrum of the backward traveling wave. It can be seen that the backscattered Brillouin wave at 193.2661 THz, which corresponds to the frequency f c − 2f s , has higher amplitude compared to that at 193.2878 THz and 193.2447 THz, which correspond to the frequencies f c and f c − 4f s , respectively. They generate three sets of gain and loss spectrums with different amplitudes in the forward traveling wave as they pass through the single mode fiber. This results in the amplification in one of the third order sidebands and attenuation in the other sidebands of the input DSB-SC RF modulated optical signal.
The ratio of the frequency shifted to unwanted frequency components for different electrical driving signal frequency, while fixing the laser wavelength at 1551.016 nm, was investigated experimentally. Fig. 10 shows a high frequency shifted to unwanted frequency component ratio of over 30 dB can be maintained when the electrical driving signal frequency was changed from 10.838 GHz to 10.849 GHz. This enables the optical frequency shift to be tuned from 32.514 GHz to 32.547 GHz. A larger optical frequency shift tuning is expected by using the phase modulation technique [18] to broaden the Brillouin linewidth. Another way to tune the frequency shift over a wide frequency range is to alter the SBS frequency of the Brillouin medium by changing the laser source wavelength. The SBS frequency of the single mode fiber used in the experiment was measured for different laser wavelengths. Fig. 11 shows a linear relationship between the SBS frequency and the laser wavelength, and 249 MHz changes in the SBS frequency can be obtained by tuning the laser wavelength from 1530 nm to 1565 nm. Shifting the laser frequency by three times the single mode fiber SBS frequency with a large frequency shifted to unwanted frequency component ratio was demonstrated experimentally for different laser wavelengths. The results show the optical frequency shift can be tuned over 747 MHz frequency range for 35 nm changes in the laser wavelength. It should be pointed out that an optical frequency shifter can be inserted anywhere in an optical system to alter the frequency of its input optical signal. This is different compared to a wavelength tunable laser that controls the frequency or wavelength of a continuous wave light at the tunable laser output. Furthermore, in applications such as a SBS based microwave photonic bandpass filter [19] and a coherence-free microwave photonic notch filter [20] , two continuous wave light with a fixed frequency separation are needed. Using two tunable laser sources increases the system cost and most importantly the frequency separation between the two continuous wave light cannot be fixed but is changing with time due to slight fluctuation in the tunable laser wavelengths. This in turn causes fluctuation in the SBS based microwave photonic bandpass filter response [19] . Splitting the output of a laser source into two where one is connected to an optical frequency shifter provides a solution to this problem.
Conclusion
A new optical frequency shifter has been presented. It is based on SBS in a single mode fiber inside a Brillouin assisted filtering structure that generates multiple SBS gain and loss spectrums to amplify a third order sideband but attenuate other sidebands. The Brillouin assisted filter based optical frequency shifter has the advantages of not only capable of realizing a large frequency shift but also the electrical driving signal frequency only needs to be one third of the frequency shift. This reduces the system cost compared to all the reported optical frequency shifters that require an electrical driving signal to have the same frequency as the frequency shift. The optical frequency shifter has a simple structure and can be implemented using off-the-shelf optical components. The Brillouin assisted filter based optical frequency shifter has been demonstrated experimentally with the results showing a large 32.53 GHz frequency shift with over 34 dB frequency shifted to unwanted frequency component ratio. Tuning the frequency shift by controlling the laser frequency and the electrical driving signal frequency has also been demonstrated.
